An industrial waste spent residue hydroprocessing catalyst, contains high levels of metals and carbon, which decreases catalytic activity and forces the refiner to replace the catalyst. The catalyst was unloaded from a KNPC refinery atmospheric residue desulfurization unit. Recycling of spent catalyst waste is at the leading edge of environmentally sound technology and sets the standards for handling the solid waste in the refinery as it is considered hazardous. Hence a concept for a recycling approach to minimize industrial spent catalyst waste has been applied for the recovery of metals (Ni, V, Mo) as a first step while supporting [Al(OH)3] in a subsequent process. The recycling of a spent catalyst involves various steps such as de-oiling, drying, grinding, sieving, and decoking. In the subsequent steps, the de-coked spent catalysts were treated with acid-base reaction media to separate the various components of the spent catalyst. The metal recovery as a function of leaching agents has been investigated by using hydrometallurgical processes. A brief account has also been reported for conventional processes and recent approaches employed by using pyro-metallurgical and hydrometallurgical routes. Considering various routes of metal extractions, the EDTA containing chelation process has shown its potential in high value metal extraction of up to 99% recovery. The recovered metals and support have enabled industrial application for use as alternative raw materials for catalyst preparation.
Introduction
The worldwide petroleum feedstock scenario is changing toward heavier crudes, which is expected to play a crucial role in processing these crudes with more difficulties and affecting existing refining systems. The heavy oil and its residue contains more metals (Ni+V), sulfur, nitrogen and has low API gravity, which has a negative effect on various processes and decreases catalytic activity with timeon-stream (TOS). Hence, the blocking of catalyst active sites by certain elements or compounds on the surface are the main causes of catalyst deactivation [1, 2] . After deactivation, the catalysts need to unload, which is usually know as refinery spent catalyst waste. Refineries need to treat their waste streams according to the Environmental Protection Agency (EPA) in order to disseminate hazardous waste. Hence, disposal of a spent catalyst is a common problem as it falls under the category of hazardous industrial waste [2] . As a result, worldwide catalyst consumption has increased considerably and is expected to increase further [2, 3] . A refinery mainly contains four types of catalysts such as FCC, hydrotreating, hydrocracking and alkylation. The catalyst market and factors affecting the price and consumption are based on demand and fuel specifications in the specified region. Hydrotreating catalysts, which account for more than half of the hydroprocessing market, are mainly manufactured by Criterion, Albemarle, Haldor Topsøe, ART, Axens and UOP [3] . Usually recent high active hydrotreating/hydrocracking catalysts are quite expensive and their deactivation is faster than before mainly due to the heavier feedstock. Thus, refiners are now focusing seriously on regenerability of spent catalysts.
An expected catalyst market growth rate of 4.24% between 2014 and 2019 has been reported [3, 4] , and is projected to generate $6,708 million by 2019. In recent years, hydrotreating catalysts have dominated the refinery catalysts market by type, which is projected to reach $2,213 million by 2019. The expected high growth rates are mainly due to the high market demand in Asia-Pacific while in Europe and North America it is fully developed and is expected to perform below average.
Considering the above said market and catalyst consumption, the region will be generating spent catalysts accordingly. Hence, the global energy trend and economic development forces refiners to increase the product profitability along with severe process conditions as well as with the expense of a lower catalyst life. Therefore, catalyst companies are merging and meeting the demand of product quality as catalyst availability. Usually, complex refineries at about 8-10 petroleum refining processes generate waste catalysts. However, the most important are listed in Figure 1 .
The spent catalysts from these processes are classified by EPA as refining waste or hazardous waste [5, 6] . Although, the rule can vary depending on individual circumstances, refiners are obliged to apply for their specific operations. Residue hydroprocessing or direct upgrading processes produce most of the large amounts of spent catalysts, which contain metals like Mo, Co, Ni, V, Fe and Al in the form of metal oxides and sulfides [1] . using heavier feedstock that contains a broad range of boiling hydrocarbon fraction and carries various types of contaminants such as metals and asphaltene [7, 8] . Hence, catalyst deactivation is an inevitable phenomenon that involves both chemical and physical changes in the catalyst nature.
In the complex petroleum refinery large amounts of waste spent catalysts are being generated, which have a high content of metals and valuable alumina support. Therefore, refineries look forward to recycling options, where recovered metals or alumina either can be re-used for catalyst preparation or can be used in the metal industries. For a small country like Kuwait, disposing in landfills is a huge concern while a considerable amount of spent catalysts is being produced (figure 1). The Middle East has a large consumption of refinery catalysts, particularly hydroprocessing. In Kuwait, catalytic hydrotreating processes are used extensively in Kuwait National Petroleum Company (KNPC); three refineries which generate large quantities (6000-7000 tons) of spent catalysts as solid waste every year. The amount of spent catalyst waste is expected to increase further in the coming years because of a fourth new refinery (Al-Zour refinery) and increasing diesel hydrotreating capacity to meet the growing demand for clean fuel with ultra-low sulfur diesel.
Therefore, recycling methodologies and eco-friendly cost-effective ways have been investigated for atmospheric residue desulfurization (ARDS) refinery spent catalysts in order to minimize spent catalyst waste and to protect the environment. Moreover, it is worth finding a proper way of treatment using pyro-metallurgical together with hydrometallurgical techniques that have been applied and investigated in order to recover valuable metal and support from the spent hydroprocessing catalyst.
Experimental
An ARDS spent catalyst containing valuable metals like Ni, Co, V, Mo and Al, was obtained from the KNPC. The deposited carbon (coke) and metals on the spent catalyst were determined using thermogravimetry analysis (TGA) and scanning electron microscopy (SEM/EDX), respectively. The composition of the spent catalyst also conformed with inductively coupled plasma (ICP) indicating that a considerable amount of foreign species were deposited (as shown in Table 1 ). Refinery, ARDS hydroprocessing catalysts have been recovered from a guard reactor (R1), HDM/HDS catalyst (R2) and HDS catalyst (R3) and the final hydrocracking (R4) catalyst. All the spent catalysts were mixed in a proportion, which was used for metal recovery [10, 11] . The catalysts were in the form of cylindrical extrudates of approximate diameter of about 0.4 mm and length 5-6 mm, which were deoiled, decoked, crushed, and ground to fine powder (size <500 μm) using standard equipment and procedures [10, 12] . The powdered deoiled spent catalyst was then decoked by combustion of coke under controlled temperature conditions in the range of 300 to 600°C for 8 h in an oxygen atmosphere (i.e., 5% O2 in N2). Figure 2 shows a pretreatment process, which is common for all the leaching processes. 
Results and discussion

Characterization of spent catalysts
Generally, the life of an ARDS hydroprocessing catalyst is about 10 to 15 months. However, global refinery spent catalyst production has increased since heavy crude oil started processing, which deactivates catalysts faster and shows higher metal and carbon deposition [1] . In the present study, the total carbon deposited on the catalyst was measured using TGA, which is at about 43 wt%. TGA/DTA shows two obvious weight losses for all the spent catalysts in the temperature range of 50°C to 800°C (as shown in Figure 3 ). TGA results indicated that the first weight loss in the range of 50°C to 260°C is attributed to soft coke desorption, and the second weight loss in the range of 300°C to 450°C, accompanied by exothermic effect, is assigned to medium coke removal. The amounts of coke deposit calculated from TG curves at different stages are shown in figure 3, i.e., 43.2 weight % of the fresh catalyst. On the other hand, SEM-EDAX results confirmed that carbon, V, Ni, P, and Mo (sulfur) are deposited on the surface of the catalyst, which are featured by their Kα X-ray emission lines (keV) (as shown in Figure 4) .
Displayed semi-quantitative results from different elements along the line analysis are shown in the figure 4 inset. The V metal is usually deposited on the surface while Ni is distributed more homogeneously indicating the diffusion of Ni Figure 4 : Radial analysis of deposited metals using SEM-EDS analysis. deeper on the catalytic pore or sites [1, 13] . Since Ni and V complex molecules are present in a porphyrin-type coordination, the distribution of metal deposition is more related to the possible existing form of the metals where V metal in vanadium porphyrins exist as (VO)2+ in which the V atom easily can deposit on the surface of the catalyst/support and get removed faster, which leads to surface deposition of vanadium sulfide near the pore mouth.
Recycling options for spent hydroprocessing catalysts
A spent catalyst, if it contains only Al, Si, and Fe, can be disposed of without any special precautions or can be used in construction materials. However, in hydroprocessing, spent catalysts mainly contain Ni and V accumulated during their use, then for removal of these elements the below legislative limits is necessary [14, 15] . Hence, before disposal, spent catalysts containing various contaminants need to be encapsulated to avoid their release into water and the environment. There are methods that reduce catalyst waste by using post treatment methods or spent catalyst management such as regeneration, rejuvenation, reuse either in fresh catalyst preparation or reusing in less severe hydrotreating units by cascading before final disposal. Usually, two major methods have been applied for recovery of metals or separate various components of the spent catalyst, namely, pyrometallurgy and hydrometallurgy. Pyrometallurgical processes require high heating in which the waste catalyst is treated at high temperatures to recover valuable metals and decompose hydrocarbon. These treatments lead to the production of hazardous gases that must be removed from the air with flue gas cleaning systems. This process is considered energy intensive, high-cost and requires high-grade feeds. Hydrometallurgy; it is also called leaching process, involves the selective dissolution of metals from their waste. It involves the use of aqueous chemicals (acid and base) and leaching and/or metal separation processes are carried out at much lower temperatures.
Regeneration, rejuvenation and the reuse of spent catalysts
Regeneration of spent catalysts is a longstanding common process. The process contains pyarolytic oxidation of carbon and sulfur from the catalyst. Regeneration is generally utilized when the metal contaminants are low or negligible on the catalyst. The process holds only a sophisticated temperature (heating rates) and gases (air, nitrogen or oxygen) flow control systems used for moving as well as fixed bed processes in order to burn carbon and sulfur in the presence of oxygen. The controlled temperature is to avoid changes in catalyst properties during regeneration or heating, such as hot spots, active metal sintering, collapsing pores, which prevent surface area reduction and sintering, minimize breakage and attrition. During the regeneration, some of the active metal may react with support particularly promoters (Ni or Co) may react with alumina and form spinel (CoAl2O4 or NiAl 2 O 4 ), which explains why the catalytic activity of the fresh catalysts were not fully recovered after the regeneration of the spent catalyst. Although a regenerated catalyst can either be used in the same process or in other applications requiring less degree of catalytic activity. Therefore, any damage by carbon deposition can be partially repaired via coke burning, which is also known as rejuvenation [16] .
Regeneration either can be done within the same plant where it is used (in-situ) or can be off-site, depending on the use after the regeneration. On the other hand, where the metal contaminants are high on spent catalyst regeneration and rejuvenation is not a practical process because catalysts are susceptible to irreversible deactivation caused by adsorption of metal impurities, such as V and Ni. Not only is there a gradual build-up of these impurities in a hydrotreating catalyst but also eventually plugging the pores and generating diffusion limitations. Therefore, a typical first step is to identify and analyse the composition of the spent catalyst in order to find out its regenerability.
A spent catalyst also can be fully re-used in cement manufacturing, building material (porous blocks), asphalt paving, and construction. Therefore, the cement industry is considered to be one of the key sectors where large amounts of spent solid waste catalyst can be effectively used either as an additive or as raw materials in the manufacturing mixture of tiles. Recently, thermal plasma technology has been applied in various industrial applications of waste treatment [17, 18] , which cracks or reforms all organic substance and vitrifies inorganic matter into rocks.
However, major production of spent catalysts in residue treatment are mainly from ARDS and residue fluid catalytic cracking (RFCC). Such catalysts are also high in metals, sulfur, and coke along with most of the pores being either plugged or partially reduced. Usually, due to the presence of zeolite in the support RFCC the catalyst has acidic composition and has a higher rate of deactivation. The use of spent catalysts for the preparation of an active HDM catalyst has been reported in previous studies [19] . Such type of catalyst, even without decoking, can be used as the presence of carbon in the support is also known to have a beneficial effect on the hydroprocessing catalyst [20] . In addition, carbon will be burnt during the support calcinations that leads to enhanced larger pores in the catalyst [21] . A flow diagram for spent catalyst re-use with boehmite mixtures was tested for physical, chemical and mechanical properties as well as durability and integrity [19] . The concentration of heavy metals in the above applications of reusing ARDS/RFCC spent catalyst leads to a beneficial effect as a fresh catalyst.
Hydrometallurgical treatment options for metal recovery
Hydrometallurgy treatment, also known as leaching method for recovery of valuable metals from a waste spent catalyst, has more flexibility during the upscaling and has various options available for the purification and selective recovery by using the following specific chemical treatments.
Soda roasting and metal leaching
The soda roasting leaching process selectively used to extract V and Mo, while Ni (Co) will remain unreactive as a solid in alumina, which can be further digested in NaOH at high pressure and dissolve (as shown in Figure 5 ). Using a roasting temperature at 550°C, the yield of recovery for Mo and V with NaOH was more than 95%, while with Na2CO3 extraction was more selective to the Mo and V removal without reacting to the Ni and Al [22] . However, by increasing the sodium carbonate roasting temperature to 700°C the Mo and V recovery reached up to 99%, which made an easy separation for Mo and V. Since Ni and Al do not react with Na 2 CO 3 , it remains as a residue. A comparison between two roasting agents has concluded that the optimum conditions for maximum recovery of Mo and V metals content were achieved at a reaction temperature of 700°C, 120 min leaching time with 25 % of Na 2 CO 3 while using NaOH the optimum conditions are 480°C, 60 min leaching time and 50% concentration. The soda roasting process has an advantage over other processes for the recovery of high quality (purity) boehmite, which properties can be further modified with the hydrothermal treatment based on the type of alumina requirement for further use. Therefore, the roasting technique met the rations of integrated recycling and it has advantages, such as single step operation, high recovery yield of water soluble metals particularly for Mo and V.
Basic leaching
Ammonium salts based solutions are weakly basic and have a slightly acidic character. Therefore, they can be effectively used as exhilarating leaching agents for surface metal extraction [23] . The leaching was performed by using an aqueous solution of ammonia and ammonium salts with the previously ground spent catalyst ( Figure 6 ). Different metal extraction have been reported as a function of the leaching agent. The use of oxidizing (H2O2) agent also was tested, which is environmentally safe and does not produce reaction products except water. In the case of ammonium per-sulfate (APS), it has about 7wt% active oxygen that acts as an oxidizing agent and improves Ni and Al extraction in comparison with other leaching agents, namely, NH 4 OH and (NH 4 ) 2 CO 3 . The different behavior using APS could be due to its strong oxidizing nature, which promotes better dissolution of metals. However, APS also forms oxygen free radicals in an aqueous solution and that adds some advantages for metal recovery but only for V, Ni and Al. This may be explained by the fact that APS is an acidic salt which limits Mo extraction in acidic medium. Thus, ammonia leaching reactions effectively take place at mild basic conditions in the presence 
Acidic leaching
Acidic leaching of previously ground and de-coked spent catalyst was performed in multiple steps as a function of leaching agents. It was possible to recover almost all metals (Mo, V, Ni and Co) simultaneously with leaching yields of about 95% (as shown in Figure 7 ). The present study successfully showed pure and quantitative recovery of solvents (Cyanex 272) and costly chemicals like EDTA using different stripping steps. However, detailed discussion with deep understanding of the extraction mechanism need to be considered as future work before it can be scaled up from [24] . In the acid leaching studies, the efficiencies of organic acids such as citric acid, oxalic acid and ethylenediaminetetraacetic acid (EDTA) are compared with those of inorganic acids, e.g. sulfuric acid (H 2 SO 4 ) and nitric acid (HNO 3 ). About 97wt% extraction of Mo and V was achieved with both oxalic acid and EDTA, whereas, with citric acid, the recovery was around 92%. The effectiveness (Mo and V extraction) of the five acids used in this study can be ranked in the following order where oxalic acid was highly effective for Mo and V extraction. Although it showed very poor activity for Ni extraction, which follows the order EDTA > Citric acid =H 2 SO 4 > HNO 3 > CH 3 COOH > Oxalic acid. In aluminum extraction, both organic and inorganic acids showed poor activity. Apart from the high metal recovery efficiency, the use of HNO 3 , H 2 SO 4 , C 2 H 4 O 2 or C 6 H 8 O 7 for metal leaching that has several disadvantages such as chemical cost, and consequences of hazardous chemicals are unavoidable.
Based on the above, the possibility of recycling of total refinery spent catalyst (TSC) was investigated using various steps for metal leaching and the alumina support recovery as bulk solid in the form of boehmite. An optimum leaching efficiency with different leaching methods and their conditions were achieved in order to obtain the maximum recovery of Mo, Ni and V metals. An overall refining catalyst system (cradle-to-grave or creation to disposal) cycle involves a number of key steps (Figure 8 ) such as catalyst synthesis, reactor loading, activity test run, and unloading, off-site regeneration, reuse, reclamation, and disposal. The full recycling process was shown by a number of steps such as: (A) support extrusion; (B) CoMo/NiMo fresh catalyst synthesis; (C) bench scale catalyst loading and activity testing; (D) unloaded spent catalyst; (E) metal recovery process and; (F and G) recovered alumina and metals from spent catalyst.
Considering the effectiveness in commercial applicability of these steps, the proposed processes will minimize spent catalyst waste generation. Utilization to produce new catalysts and other useful materials, recycling through recovery of metals and support in order to achieve the safe disposal of spent catalysts.
Conclusions
The development of processes for the minimization and recycling of spent hydrotreating catalyst waste has received increasing attention in recent years due to the hazardous nature and stringent environmental regulations on its disposal. Based on the current study, due to the low process cost, high metal recovery and cleaner environment, hydrometallurgy will displace inefficient pyrometallurgy processes in coming years. The recovery process invariably involves a combination of pyro-and hydrometallurgical operations in order to have fully marketable products of metals and support. The total recycling process demonstrated its ability to reduce hazardous waste disposal to the zero limit and save natural resources with economic benefits. The recovered metals such as Mo. V, Ni and Co could be used in steel manufacture and the alumina could be used for the manufacture of refractories, ceramics and abrasives. The total spent catalysts' recovery process is not only an economical process that recovers metals and support but is also a vital option for waste recycling and re-utilization.
